Necrotizing enterocolitis (NEC) increases the risk of brain injury and impaired neurodevelopment. Rapid brain maturation prior to birth may explain why preterm brains are particularly vulnerable to serious infections. Using pigs as models, we hypothesized that preterm birth was associated with altered blood-cerebrospinal fluid (CSF) barrier (BCSFB) function and cerebral structural deficits, and that NEC was associated with systemic inflammation, BCSFB disruption, and neuroinflammation. First, cesarean-delivered preterm and term pigs (n = 43-44) were euthanized at birth to investigate BCSFB function and markers of brain structural maturation, or on day 5 to measure markers of blood-brain barrier maturation in the hippocampus and striatum (experiment 1). Next, preterm pigs (n = 162) were fed increasing volumes of infant formula to assess NEC lesions, systemic inflammation, BCSFB permeability, cerebral histopathology, hippocampal microglial density, and cytokine levels on day 5 (experiments 2 and 3). In experiment 1, preterm newborns had increased CSFplasma ratios of albumin and raffinose, reduced CSF glucose levels, as well as increased cerebral hydration and reduced white matter myelination compared with term animals. We observed lower hippocampal (but not striatal) perivascular astrocyte coverage for the first 5 days after preterm birth, accompanied by altered cell junction protein levels. In experiments 2 and-3, piglets with severe NEC lesions showed reduced blood thrombocytes and increased plasma C-reactive protein and interleukin-6 levels. NEC was associated with increased CSF-plasma albumin and raffinose ratios, reduced CSF leukocyte numbers, and increased cerebral hydration. In the hippocampus, NEC was associated with pyramidal neuron loss and increased interleukin-6 levels. In the short term, NEC did not affect cerebral myelination or microglia density. In conclusion, altered BCSFB properties and brain structural deficits were observed in pigs after preterm birth. Acute gastrointestinal NEC lesions were associated with systemic inflammation, increased BCSFB permeability and region-specific neuronal damage. The results demonstrate the importance of early interventions against NEC to prevent brain injury in preterm infants.
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Introduction
Annually, 15 million infants are born before term (< 37 weeks' gestation, approx. 10% of all live births [1] ). Preterm birth is associated with impaired neurodevelopment and can have life-long neurological consequences [2] [3] [4] [5] . The human brain growth velocity peaks in the final trimester of pregnancy concomitant with the initiation of axonal myelination, a crucial developmental process for proper neuronal function. In this sensitive period, normal brain growth and maturation may be disturbed due to prematurity-related factors, such as serious infections and nutrient deprivation [6] .
The blood-cerebrospinal fluid and blood-brain barriers (BCSFB/BBB) maintain brain homeostasis including provision of nutrients and prevent harmful substances from entering the brain parenchyma. The paracellular barrier, maintained by tight junctions (TJ) between choroid plexus (ChP) epithelial cells and brain endothelial cells, is present and functional already in early fetal development [7, 8] . At the BCSFB level, increased amounts of systemically infused tracer compounds in the CSF during gestation indicate increased nonselective transcellular transport across the ChP [9] , which may be an access route for neurotoxic substances during systemic infection and inflammation. At the BBB level, barrier function is dynamic and responsive to fluctuations in the circulation [10] . Disturbances in BBB function have been implicated in preterm and neonatal complications, such as hypoxicischemic or inflammation-related brain injury [11, 12] . Reduced astrocyte perivascular coverage, a late-stage BBB maturational process, has been reported in preterm infants and may impair brain vessel integrity and nutrient transfer [13] . Collectively, these structural and functional deficits of the developing brain barriers may explain the increased susceptibility to brain injury during inflammation and nutrient deprivation in preterm infants.
Necrotizing enterocolitis (NEC) is among the severest complications of preterm birth and is related to enteral feeding and bacterial colonization during the first days and weeks after birth [14] . Up to 7% of very preterm infants are affected by NEC, and mortality rates are as high as 30% [15] . Importantly, preterm infants that survive NEC show an increased risk of neurodevelopmental deficits [16] [17] [18] . Only few clinical or experimental studies have investigated this association in more detail and consequently, the pathobiology of NEC-related brain injury remains obscure. The preterm pig is an established translational animal model for preterm infants [19] , and considering the spontaneous nature of NEC development in preterm pigs, and a developmental trajectory of the brain that is comparable to that in humans, the preterm pig is a suitable model to investigate the effects of NEC lesions on brain barrier properties, neuroinflammation, and brain injury.
We hypothesized that preterm birth is associated with changes in brain structure and function, and that NEC is associated with systemic inflammation BCSFB disruption and neuroinflammation. Initially, we assessed BCSFB function (in vivo permeability), BBB structural integrity (perivascular astrocytic coverage), and cerebral maturation (myelination and hydration levels) in preterm and full-term newborn pigs, with and without enteral feeding. In two subsequent experiments, we investigated whether NEC lesions following 5 days of formula feeding were associated with markers of systemic inflammation, BCSFB permeability, neuropathology, and inflammation (microglia activation and inflammatory cytokines).
Materials and Methods

Experiment 1
Eighty-seven pigs (Danish Landrace × Large White × Duroc) were delivered by cesarean section either prematurely (106 days' gestation, n = 43) or at full term (117 days' gestation, n = 44). Pigs were fitted with orogastric feeding tubes (6 Fr, Portex, Kent, UK) and vascular catheters (4 Fr, Portex) in the dorsal aorta through the transected umbilical cord. Forty-seven animals were left unfed and euthanized within 8 h after birth, while the remaining preterm (n = 20) and term litter mates (n = 20) were followed for 5 days receiving either total parenteral nutrition (n = 10 per group) or enteral feeding + supplementary parenteral nutrition (n = 10 per group). The parenteral feeding groups received 96 mL/kg/day of modified Kabiven intra-arterially [20] (Fresenius-Kabi, Bad Homburg, Germany) on day 1 increasing to 144 mL/kg/day on day 5. The enteral feeding groups received 16 mL/kg/day of intragastric bovine colostrum (Biofiber Damino, Gesten, Denmark) on day 1 slowly increasing to 64 mL/kg/day on day 5 with decreasing supplements of intra-arterial Kabiven to ensure total isoenergetic levels throughout the 5 days.
For the assessment of BCSFB permeability, animals received 5 mL/kg body weight of 10% w/v raffinose (MW: 504 g/mol, Sigma-Aldrich, Brøndby, Denmark) in sterile saline administered intra-arterially 30 min before euthanasia. Raffinose, a plant trisaccharide, is metabolically inert and is neither absorbed nor synthesized, and almost completely recovered in urine, when infused systemically in humans [21] . Blood samples were drawn by cardiac puncture, and pigs were subsequently euthanized with a lethal dose of intracardiac pentobarbital (Glostrup Apotek, Glostrup, Denmark). CSF was drawn by suboccipital puncture, and brains were collected. The right cerebral hemisphere was immersion fixed in 4% paraformaldehyde for histology. Half of the left hippocampal formation was dissected and embedded in Tissue-Tek OCT (Qiagen AB, Sollentuna, Sweden) for cryosectioning and the other half snap frozen in liquid nitrogen for protein analyses. The re-DOI: 10.1159/000488979 sidual left cerebral hemisphere was weighed, dehydrated for 7 days at 50 ° C, and weighed again for determination of water fraction.
Experiment 2
One hundred and thirty-one piglets were delivered preterm (106 days gestation), vascular and gastric accesses prepared, and animals reared as described above. Enteral feeding across the first 5 days after birth consisted of rapidly increasing volumes of infant formula, containing maltodextrin as a main carbohydrate source, as described in our earlier publications [22, 23] . For the first 48 h, pigs were fed 24-48 mL/kg/day< of enteral nutrition + 32-48 mL/ kg/day of intra-arterial Kabiven (Fresenius-Kabi). Subsequently, parenteral nutrition was discontinued, and piglets were fed increased volumes of enteral nutrition (80-120 mL/kg/day) until euthanasia. Pigs were euthanized 96-104 h after birth as described above after having received an oral solution of lactulose and mannitol (15 mL/kg body weight, 5%/5% w/v, both Sigma-Aldrich) 3 h before scheduled euthanasia for the assessment of intestinal permeability.
Blood samples were drawn by cardiac puncture, urine was collected by cystocentesis, CSF and brain tissue were collected and preserved, and cerebral water content was determined as described above. Colon and proximal, mid and distal regions of the small intestine were evaluated for macroscopic NEC-like lesions by 2 independent investigators using an established scoring system with values ranging from 1 to-6 [24] (Fig. 2a ). Animals were defined clinically by their highest NEC score in any region and divided into 1 of 3 groups, diagnosed as healthy (highest NEC score 1-2, n = 49), moderate NEC (highest score 3-4, n = 39), or severe NEC (highest NEC score 5-6, n = 43, Fig. 2b ). Finally, small intestinal tissue was snap frozen for measurement of cytokine levels.
Experiment 3
In order to validate the association between NEC and BCSFB permeability, a follow-up study was performed using a tracerbased method. Briefly, 31 preterm pigs were delivered by cesarean section and reared as described in experiment 2. On day 5, raffinose was administered, and CSF and plasma were collected, as described in experiment 1. Animals were euthanized and evaluated for NEC lesions as described above. All animal procedures were approved by the Danish National Committee on Animal Experimentation (2014-15-0201-00418).
Blood, Urine, and CSF Measurements
Urinary levels of lactulose and mannitol were measured, as previously described [24] , and C-reactive protein was measured in heparinized plasma using a porcine specific enzyme-linked immunosorbent assay (ELISA, DY2648, R & D Systems Denmark, Abingdon, UK). For determination of raffinose concentration, CSF and heparinized plasma samples were processed with a Sirocco protein precipitation plate (Waters, Milford, MA, USA), then the extracts were analyzed on an ultraperformance liquid chromatography in tandem with a triple quadrupole detector mass spectrometer (UPLC-TQD MS, Waters), equipped with an ACQUITY HSS-T3 column (Waters). Quantification of raffinose was carried out using QuanLynx (Waters) with raffinose (R0250, Sigma-Aldrich) as external standard. CSF albumin, glucose, and lactate, and serum biochemical parameters were determined using the Advia 1800 Clinical Chemistry System, while hematological parameters in EDTAstabilized whole blood as well as total leukocyte count in CSF were measured using the Advia 2120i Hematology System (both Siemens Healthcare GmbH, Erlangen, Germany).
Protein Analyses and Cerebral Histology
Frozen small intestine (experiment 2, IL-8 only), plasma (experiment 3), and hippocampal tissue were homogenized in radioimmunoprecipitation assay buffer with 1% protease inhibitor cocktail (P8340, Sigma-Aldrich), using a gentleMACS Dissociater (Miltenyi Biotec, Lund, Sweden). IL-6, IL-8, and TNF-α levels were determined using porcine specific ELISA kits (DY535, DY686, and DY690B, all R & D Systems Denmark). Absorbance was read on a FLUOstar OPTIMA plate reader (BMG LABTECH GmbH, Ortenberg, Germany), and levels were expressed as cytokine weight per tissue wet weight.
For Western blotting, protein concentration was quantified using the Bradford protein assay. Membranes were incubated with antibodies targeting ZO-1 (617300, Invitrogen, Carlsbad, CA, USA), VE-cadherin (sc6458, Santa Cruz Biotechnology, Dallas, TX, USA), GFAP (3670, Cell Signaling Technology, Danvers, MA, USA), occludin (331500, Invitrogen), MCT-1 (ab90582, Abcam, Cambridge, UK), Glut-1 (071401, Merck Millipore, Billerica, MA, USA), or the reference protein β-tubulin (ab21058, Abcam) followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Dako, Glostrup, Denmark). Protein bands were visualized by chemiluminescence using an Immun-Star WesternC chemiluminescence kit (Bio-Rad Laboratories, Hercules, CA, USA). Protein expression was then quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
5-mm coronal slabs of formalin-fixed cerebral hemispheres were cut at a level 5-10 mm posterior to the bregma, embedded in paraffin and sectioned (5 μm). For myelin staining, sections were cleared and immersed in 96% ethanol, stained with 1% Luxol fast blue overnight at 57 ° C, rehydrated and differentiated briefly in 0.05% lithium carbonate and 70% ethanol, dehydrated, cleared, and coverslipped. Tissue sections were converted to digital images using an Axio scan.Z1 slide scanner with bright field settings (Zeiss Microscopy, Jena, Germany), and the area fraction of Luxol fast blue signal as a measure of axon myelination was subsequently quantified by image analysis in a manually defined region of interest (internal capsule) using the Visiopharm software package (Visiopharm, Hørsholm, Denmark). For histopathological assessment, sections were treated with a routine HE staining. These sections were subsequently ordered by a blinded investigator based on the presence or absence of degenerating hippocampal pyramidal neurons (the only common histopathological finding in these animals).
Microglia were visualized by targeting the Iba-1 epitope. Briefly, deparaffinized and rehydrated cerebral sections were treated sequentially with 1% hydrogen peroxide, Biotin Blocking System X0590 (Dako, Glostrup, Denmark), 5% normal swine serum, 0.1% goat anti-human Iba-1 antibody Ab5076 (16 h, 4 ° C, Abcam, Cambridge, UK), 0.05% biotinylated F(ab)'2 polyclonal rabbit anti-goat antibody (1 h, 20 ° C, E0466, Dako), Vectastain Elite ABC Kit (Vector Labs, Peterborough, UK), and 0.04% 3,3′-diaminobenzidine (Sigma-Aldrich). Stained sections were digitalized at ×10 magnification using an Axio Scan.Z1 slide scanner with bright-field settings (Zeiss Microscopy). Using the Visiopharm software package (Visiopharm), the hippocampus was manually defined, and Iba-1-positive cell numbers and mean cell size were automatically determined. For determination of perivascular astrocyte coverage, cryoembedded hippocampal tissues were cut in 20-µm coronal sections using a cryostat (Thermo Fisher Scientific, Waltham, MA, USA) and fixed in cold acetone (Sigma-Aldrich). After washing with PBS, the sections were incubated in 5% normal serum (Jackson ImmunoResearch, West Grove, PA, USA) for 2 h at room temperature, followed by overnight incubation with laminin and GFAP primary antibodies (2032 and 3670, both Cell Signaling Technology) at 4 ° C. Finally, after washes in PBS, sections were incubated in Alexa Fluor-conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. Subsequently, sections were mounted with Vectashield hard set anti-fade mounting medium (H-1400, Vector Laboratories, Burlingame, CA, USA). Three random images per section were acquired at ×60 magnification using a fluorescence microscope with camera attached (TCS SP5 X, Leica Microsystems, Wetzlar, Germany). The total area occupied by the laminin-stained capillaries was measured using the ROI manager tool following spatial calibration and threshold adjustment in ImageJ. The astrocyte perivascular coverage was quantified using open source software CellProfiler V2.1.1 (http://www.cellprofiler. org). The pipeline was designed as follows: first, each color image was split into its red (GFAP) and green (laminin) component channels and converted to gray. Both sources of image were thresholded. The threshold strategies MoG and RobustBackground were used for laminin and GFAP, respectively. Then, the outer margin of vessels and astrocytes were identified and the total area occupied by each was measured. Finally, the overlapping area was measured in pixels and the percentage of overlap of red (astrocytes) over green signal (blood vessels) was calculated.
Brain Effects of Necrotizing Enterocolitis
Statistics
For histological analyses, Western blotting and BCSFB permeability, balanced and adequately powered subsets of animals were used. For each analytical end point, the sample size is reported in the respective part of the Results section. In experiment 1, all end points were analyzed using the Student t test. In experiments 2 and 3, cerebral histopathological assessment was analyzed using a Kruskal-Wallis test with post hoc tests for pairwise comparisons, and remaining end points using a mixed-effects linear model with gender and birth weight as fixed variables and litter as random variable with post hoc tests for pairwise comparisons between NEC severity strata. Calculations were performed using STATA v11.0 (StataCorp, College Station, TX, USA). Data are presented as means with standard errors unless otherwise stated. For all statistical tests, a p value below 0.05 is considered significant. 
Results
Experiment 1
Total brain growth in the final 10% of gestation, detected as wet weight increase, was 16% (27.3 ± 0.39 vs. 31.8 ± 0.65 g, n = 15-17 per group, p < 0.001), while dry weight growth of the left cerebral hemisphere, a measure of microstructural development, was 33% (1.42 ± 0.02 vs. 1.89 ± 0.04 g, n = 17 per group, p < 0.001). There was a concomitant 2.4% reduction in cerebral water fraction (n = 17 per group, p < 0.001, Fig. 1c) . By histological examination on Luxol fast blue-stained sections, axon bundles in full-term cerebra appeared more myelinated than preterm counterparts (Fig. 1d) . We estimated the myelinated area fraction of the internal capsule to be 15% increased in full-term animals by quantitative image analysis (n = 6 per group, p < 0.05, Fig. 1e ).
As assessments of BCSFB function, we found that the CSF-plasma raffinose ratio was 25% increased (n = 15-17 per group, p < 0.01) and the albumin ratio 71% increased (n = 8 per group, p < 0.05) in preterm pigs at birth (Fig. 1a, b) . Glucose levels in CSF (0.84 ± 0.13 vs. 4.02 ± 0.72 mM, n = 16-18 per group, p < 0.001) and serum (1.64 ± 0.21 vs. 6.08 ± 0.86 mM, p < 0.001) as well as the CSFplasma ratio (0.52 ± 0.03 vs. 0.64 ± 0.04, p < 0.05) were all lower in preterm newborn animals, while CSF lactate did not differ (n = 8 per group, pooled mean with SD: 3.34 ± 1.64 mM). Data are presented as means with standard errors, n = 18-34. Columns not sharing the same superscript letter are significantly different at p < 0.05. NEC, necrotizing enterocolitis. Fig. 2 . Neurovascular integrity, cell junctions and nutrient transporters in preterm and term pigs at birth and following 5 days of enteral feeding. a Representative photomicrographs (×60 magnification) of astrocyte (GFAP, red signal) and blood vessel (laminin, green signal) costained hippocampal coronal tissue sections from preterm and term newborn pigs. b Quantification of GFAP signal overlay in laminin-stained area as a measure of perivascular astrocyte coverage (n = 5-10 per group). c Representative Western blots and densitometric quantifications of tight and adherens junction proteins (ZO-1, occludin, VE-cadherin), nutrient transporters (GLUT-1, MCT-1) and GFAP in hippocampus and striatum of preterm and term newborn pigs (n = 5-10 per group). Values are normalized to the reference protein β-tubulin. Mean term levels are assigned a value of 1 and preterm levels scaled accordingly. d Representative photomicrographs of astrocyte and blood vessel costained hippocampal coronal tissue sections from preterm 5-day-old enterally (ENT) or parenterally (PAR) nourished pigs. e Quantification of GFAP signal overlay in laminin-stained area as a measure of perivascular astrocyte coverage (n = 5-10 per group). f Representative Western blots and densitometric quantifications of tight and adherens junction proteins, nutrient transporters and GFAP in hippocampus and striatum of preterm and term 5-dayold enterally or parenterally nourished pigs (n = 5-10 per group). All data are presented as means with standard errors. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. We assessed perivascular astrocyte coverage in the hippocampus and striatum at birth and following 5 days of enteral or parenteral nutrition as measure of neurovascular interaction. At birth, we found a 3-fold increase by quantitative image analysis in the full-term hippocampus but not the striatum compared with preterm counterparts (n = 5-10 per group, p < 0.001, Fig. 2a, b) . The deficit in hippocampal perivascular astrocyte coverage persisted at least until day 5 without any obvious effects of enteral feeding with bovine colostrum (n = 5-10 per group, p < 0.05, Fig. 2d , e) and could not be explained by differences in capillary or as- trocyte density, as the laminin-stained area (data not shown) and GFAP protein levels (Fig. 2c, f) were similar among the groups. At birth, hippocampal and striatal protein levels of endothelial barrier components ZO-1, occluding, and VEcadherin were severalfold up-or downregulated depending on gestational age at birth (n = 5-10 per group, all p < 0.01, Fig. 2c ), while the lactate transporter MCT-1 increased 3-fold from before term to full term in both regions (p < 0.05), and the glucose transporter GLUT-1 increased only in the striatum (p < 0.05). Five days after birth, only ZO-1 protein levels in the hippocampus remained increased in preterm animals with no effect of partial enteral feeding versus total parenteral feeding (p < 0.05, Fig. 2f ). We observed no NEC lesions after 5 days of bovine colostrum feeding or total parenteral nourishment in either preterm or term animals.
(For figure see next page.)
Experiment 2
In 5-day-old preterm formula-fed pigs, we observed NEC lesions predominantly in the colon, with only few severe small intestinal NEC cases (scores 5-6), but up to 25% incidence of mild NEC (scores 3-4) specifically located in the mid and distal parts of the small intestine (Fig. 3a, b) . IL-8, a signature chemokine in NEC, was increased in small intestinal tissue of animals with severe NEC (n = 23-31 per group, p < 0.05, Fig. 3c ), while intestinal permeability as assessed by the urinary lactulosemannitol ratio was not clearly related to NEC severity (n = 19-27 per group, Fig. 3d ).
Circulating leukocyte levels were not affected by NEC diagnosis. However, platelet numbers decreased significantly with increasing NEC severity, such that animals with severe NEC had only half the amount of platelets than unaffected animals (n = 23-36, p < 0.001, Table 1 ). Furthermore, C-reactive protein levels were elevated only in pigs with severe NEC lesions (n = 18-28 per group, p < 0.05, Table 1 ), while several markers of liver function such as bilirubin, alkaline phosphatase, and alanine aminotransferase were also adversely affected in animals with NEC (n = 16-34, all p < 0.05, Table 1 ).
In 5-day-old preterm formula-fed pigs, the CSF-plasma albumin ratio was comparable to that in full-term newborn pigs (see experiment 1), but significantly increased in those with NEC (n = 16-26 per group, p < 0.05, Fig. 4b ). Conversely, CSF leukocyte numbers were lowest in animals with severe NEC (n = 12-25 per group, p < 0.05, Fig. 4c ). We observed little histopathological changes in the brain except for a characteristic pattern of pyramidal neuron degeneration located in hilus and CA regions of the hippocampus (Fig. 4a) . Animals with severe NEC had a higher prevalence of hippocampal neuron loss (n = 11-13 per group, Kruskal-Wallis test p < 0.05, Fig. 4d ), although pairwise comparisons did not reach statistical significance. Pyramidal neurons of the cerebral cortex were not affected. To assess the inflammatory response in the hippocampus, we estimated microglia density and size, as well as cytokine levels. Neither microglia density (pooled mean ± SD: 0.24 ± 0.14%) nor mean cell size (pooled mean ± SD: 26.8 ± 3.85 pixels) were affected by NEC status. However, hippocampal IL-6 levels (but not IL-8) were elevated (n = 11-13, p < 0.05, Fig. 4e ). TNF-α could not be detected in the majority of preterm pig brains. Cerebral axon myelination tended to decrease with increasing severity of NEC lesions, but the differences were not significant (n = 11-13 per group, pooled mean ± SD: 61.9 ± 7.9%, Fig. 4g ). However, the cerebral water fraction was increased in animals with NEC (n = 16-26, p < 0.05, Fig. 4f ) without affecting the wet weight of the whole brain (n = 28-42 per group, pooled mean with SD: 27.8 ± 2.00 g), indicating reduced protein and/ or lipid accretion in the brains with limited cerebral edema.
Experiment 3
In this follow-up experiment, we found increased IL-6 levels in plasma from NEC animals fed formula for 5 days (163 ± 45 vs. 109 ± 13 pg/mL, n = 6-16 per group, p < 0.05), compared with unaffected litter mates. Plasma IL-8 (n = 6-16 per group, pooled mean with SD: 110 ± 47 pg/ mL) and TNF-α (n = 6-16 per group, pooled mean with SD: 43 ± 21 pg/mL) were not clearly associated with NEC. In line with the association between albumin ratio and NEC, reported in experiment 2, the CSF-plasma raffinose ratio was increased in animals with NEC compared with unaffected litter mates (2.14 ± 0.17 vs. 1.63 ± 0.12%, n = 6-9 per group, p < 0.05).
Discussion
Preterm birth interrupts the sterile environment in utero, compromising the protection of the fetus from microbes and a steady supply of oxygen and nutrients across the placental fetal-maternal barrier. This puts the immature brain at risk of irreversible injury. Crucial neurodevelopmental processes, such as myelination and structural maturation of the BBB, take place in the final trimester of pregnancy and may be highly susceptible to external factors. Our comparisons of preterm and term newborn pigs show that structural, functional, and metabolic differences in the brain may explain the increased susceptibility to brain injury in preterm neonates. In such individuals, NEC lesions may induce systemic inflammation, BCSFB disruption, region-specific neuronal death, inflammation, and perturbation of cerebral structural development.
Our results comparing preterm and full-term newborns confirm that in pigs, like other mammalian species, the CSF-plasma ratio of both protein (albumin) and small hydrophilic compounds (e.g. raffinose) is inversely related to gestational age, likely due to higher transcellular transport activity across the ChP epithelium during fetal development [9] . Our data suggest that the increased CSF-plasma albumin ratio of preterm pigs normalizes within a few days after birth, but still, the increased transport activity of the fetal ChP may adversely expose the brain during infections in early life. During early fetal development, TJs tightly connect adjacent brain endothelial and ChP epithelial cells to prevent passive paracellular diffusion [7] . Ambiguously, we found a consistent pattern of increased levels of ZO-1 (an intracellular TJ protein) and decreased occludin (a transmembrane TJ protein), as well as increased vascular endothelial cadherin (an adherens junction protein) in both the hippocampus and striatum. By 5 days after birth, most of the differences between preterm and term pigs had disappeared, indicating that any functional implications of this difference may be greatest in the immediate postnatal period.
Migration and covering of brain vessels by astrocytic end feet is a late-stage BBB developmental process that has been shown to be reduced in preterm infants and with regional differences in maturation patterns [13] . Here we used the hippocampus and striatum to study the development of astrocyte perivascular coverage due to the importance of these brain regions in cognition and their susceptibility to developmental disturbance in preterm infants [25, 26] . Our results in pigs confirm that preterm newborns have reduced astrocyte perivascular coverage with developmental differences between regions and highlight the hippocampus as a region of particular vulnerability. Indeed, unlike most other parameters assessed, the decreased astrocyte perivascular coverage in the hippocampus persisted at least until postnatal day 5.
Newborns rely on a steady and adequate nutrient supply for proper neurodevelopment. In preterm newborn pigs, serum and CSF glucose levels were substantially lower than in term counterparts, indicating increased glucose consumption or reduced gluconeogenic capacity following preterm birth. The CSF-serum glucose ratio was also reduced, perhaps due to impaired glucose transport across the ChP. Astrocytes supply neurons with en- ergy substrate via glucose uptake, lactate production, and shuttling [27] , which involves the glucose and lactate transporters GLUT-1 and MCT-1. In the preterm striatum, GLUT-1 levels were reduced, while MCT-1 levels were markedly reduced in both the hippocampus and striatum, which potentially limits the nutrient availability of residing neurons.
Five-day-old formula-fed preterm pigs, grouped according to their degree of macroscopic gut pathology (normal, mild or severe NEC lesions) reflected pigs not affected, minimally affected or severely clinically affected by NEC. Only severe NEC lesions led to elevated levels of the neutrophil chemoattractant IL-8, known to be sensitive to neonatal intestinal inflammation [28] . The strong inverse association between NEC severity and platelet levels suggests a massive loss of platelets due to excessive coagulation in the splanchnic vasculature in agreement with the clinical observations of thrombocytopenia and disseminated intravascular coagulopathy in human NEC [29] . In pigs, NEC was associated with modest, but significant elevations in plasma C-reactive protein and IL-6 levels, together with a biochemical profile showing effects on liver function. Collectively these data support that NEC lesions led to a modest systemic inflammatory response.
When comparing newborns of similar age, developmentally regulated BCSFB properties such as transcellular transport capacity are less relevant, and CSF-plasma ratios of tracer compounds may serve as BCSFB permeability markers. In formula-fed preterm pigs, we observed that NEC was associated with increased CSF-plasma albumin and raffinose ratios. Altered BCSFB properties of the immature brain during systemic infection have previously been reported [30] . Conversely and somewhat surprisingly, leukocyte numbers in CSF were lowest in animals clinically affected by NEC, potentially because of excessive immune cell chemotaxis directed towards the inflamed gut.
Human infants have a relatively high viability with moderate clinical support when born from about 70% gestation. In contrast, pigs born at 85-90% gestation require extensive clinical support for survival and function of vital organs such as the lungs, gut, kidney, and liver. At this point in gestation the pig brain, which has a growth trajectory similar to that in humans [6] , is gyrated, partly myelinated and at a developmental stage, where the risk of white matter injury is minimal [31, 32] . Consequently, brain injury following serious infections, such as NEC, may be somewhat underestimated when investigated in 90% gestation preterm pigs. In our study, we observed an only moderate trend towards reduced cerebral myelination in response to NEC, and this may be explained also by the short time period between the first evidence of clinical NEC symptoms and brain collection (< 2 days). A higher cerebral water fraction was observed in piglets with severe NEC, without increased cerebral wet weight, indicating a disturbance of normal dry matter accretion and making cerebral edema unlikely. Interestingly, we observed that pyramidal neurons in the hippocampus were susceptible to degeneration during NEC together with elevated hippocampal levels of IL-6, which was also increased in plasma. On the other hand, we observed no indication of microglia reactivity, possibly due to the short duration of the experiment, or simply because the inflammatory response was modest and systemically derived without major microglia activation. The regionspecific neuronal vulnerability of the hippocampus may be explained by the later developing astrocyte perivascular coverage in this region but this remains to be investigated in detail.
We have provided experimental evidence for a relationship between acute NEC lesions and brain injury in an animal model where NEC develops spontaneously in response to formula feeding over the first few days after preterm birth. The reported data are observational and there is a need to substantiate whether a causal relationship exists between NEC-induced inflammation in the gut and blood, and subsequent brain injury. Further studies should investigate whether NEC-preventive interventions, such as enteral antibiotics, probiotics or beneficial milk diets, are neuroprotective in preterm neonates [22, 33, 34] . Our data suggest that during the acute phase of NEC, only severe clinical and pathological NEC lesions are associated with brain barrier disruption, neuroinflammation and neuron loss. Consequently, early disease diagnosis and prompt intervention are important to reduce the potentially negative impacts on the developing brain.
